Introduction
A better understanding of weed biology is critical for the development of more efficient weed management systems. Improved information on weed biology will not allow us to eliminate the inputs currently used to manage weeds. However, it provides the foundation for the development of new strategies and more efficient techniques to use these tools, resulting in more reliable weed management systems that are cost-effective and pose less threat to the environment.
Weed control recommendations typically provide information on appropriate tillage methods and herbicide selection. The information concerning weed infestations used to base these recommendations typically is not of sufficient detail to optimize the efficiency of these strategies. Information on weed populations can be improved by increasing the time spent scouting fields. However, time restraints during the busy spring season restrict this opportunity. This problem could be alleviated with an improved understanding of the environmental influences on emergence and growth of different weed species, therefore allowing us to predict when best to invest time in scouting. Armed with greater knowledge of weed populations and their development, a person could determine the optimum time for tillage and crop planting to reduce weed populations, maximize the effectiveness of mechanical weed control operations, and to optimize the timing of burndown and postemergence herbicide applications. Understanding emergence patterns may also help in anticipating the response of weed populations to changing control and other management practices. Although there has been considerable research and modeling of weed emergence in recent years, little effort has been directed toward development of multi-species emergence information for persons involved in weed management.
There are many biological, cultural, and environmental factors that drive weed emergence patterns. Some have concluded that given all the complexities of weed emergence, prediction is all but impossible. While each year and each field will create a unique situation, there are general principles that regulate weed emergence that allow some level of predictability over time and space. It may be difficult to predict the exact details of weed emergence, but we should be able to develop relative measures of the order, timing, and length of the emergence period. Understanding the principles that regulate weed emergence will also allow for the anticipation of the effects of weather and management practices on weed behavior in the short-and long-terms.
The Weed Seed Bank
Annual species dominate the weed communities of most agricultural land in Iowa and surrounding states. This is primarily caused by the dominance of annual crops and annual soil tillage. Weeds tend to mimic the crop with which they are growing, therefore, weeds that are most like the crop have the best chances of persisting. Annual plant species survive from year to year through their seeds and seeds must survive in the soil for some period of time, forming what is referred as the weed seed bank.
The weed seed content of agricultural soils varies widely, but a study in the North Central States found weed seed densities ranging from 200 to 54,000 seed per square foot. The size of the seed bank fluctuates depending on the magnitude of seed introductions and losses. Most weed species are prolific seed producers; thus the size of the seed bank can explode following a single year of poor weed control. On the other hand, the seed bank will also decrease rapidly during years of good weed control.
Because of the transient nature of the weed seed bank, some suggest that completely eliminating the seed bank is a reasonable goal of weed control, possibly even an economically rational one. Eliminate weed seed production for a few years and the weeds will be gone. Unfortunately, it's not that simple. Annual weeds persist because of their ability to maintain a seed bank under stressful circumstances. Eliminating the weed seed over a small area may be possible, but it is highly unlikely that the seed bank can be eliminated over large areas of land given the ability of late emerging plants to produce seed combined with the dormancy and seed longevity characteristics of common weed species. Just as important, other problems such as increased costs for labor, equipment, and herbicide; weed resistance; increased soil erosion; water contamination with herbicides; and loss of habitat for wildlife and other beneficial organisms may be created in the process. It could be argued that we have been trying to eliminate seed banks for many years, and have failed. It may be more realistic to accept weed seed banks as an everpresent component of agricultural land and attempt to understand, interpret, and predict their behavior. Then, devise management systems that minimize the impacts of resultant weeds rather than trying to eliminate the seed bank.
The results of a five-year study on the effects of weed control practices on the weed seed bank illustrates the difficulty in eliminating the seed bank in a com/soybean system. When plots were kept weed free through canopy closure for four consecutive years, the weed seed content in the soil dropped 68 to 73% in two separate experiments (Table 1) . Weed free plots had weed seed numbers much lower than plots receiving a range of other weed control treatments during the same four years. When plots received full-rate preemergence or banded herbicide plus cultivation, there were relatively minor changes in weed seed numbers over the course of the experiments.
When plots received only rotary hoeing and cultivation, weed seed numbers increased, especially when weed density was high at the beginning of the experiment. At the conclusion of the experiments, plots were planted to soybeans and split, with one-half left untreated or the other half treated with a postemergence herbicide. The plots that were kept weed free for four years still had weed densities capable of reducing yield by 22% in the experiment that was initiated with a low density and 51% in the experiment with a high initial density. Seed Bank Behavior
Since it appears that we will have to continue to live with weed seed banks, the goal of efficient weed management may be best served by a better understanding of seed banks and their behavior. The weed seed banks of most agricultural lands contain many species. Knowledge of when different weed species are likely to emerge is important in planning effective weed control programs. The initial date of emergence for weed species varies from year to year, but the order of emergence for different species remains relatively constant. Each weed species also has one or more periods of high emergence that also may be consistent in space and time.
Many factors, such as tillage system, crop rotation, weed control history, and weather patterns regulate the weed population of a given field. However, general trends in emergence among species are predictable. The rankings that were developed in publication SA-11, Relative Emergence Sequence for Weeds of Corn and Soybean, were developed from research data and observations of weed scientists in the North Central region (Figure 1 ) and are considered a general sequence of emergence. These rankings are approximate and a species could easy shift one group in either direction depending on environmental and management factors. Rankings are based primarily on differences in initial emergence (first flush, about 5% oftotal emergence). Differences in the length of the emergence period were not considered in these rankings.
Relative emergence of common weeds of summer annual crops.
The time of weed emergence influences which species will be the most serious weeds with a given crop production practice or most susceptible to certain control measures. For example, weed species that complete most of their emergence early are killed during soil preparation or bumdown herbicide application before planting com or soybean. Delaying soybean planting reduced weed populations and improved weed control with rotary hoeing and cultivation in a Minnesota study. Reductions in weed density due to delayed planting varied by species with a 25% reduction for pigweed species and nearly 80% for common lambsquarters {Table 2). These values directly reflect the timing of emergence of these two species, with common lambsquarters emerging much earlier than pigweed. As an example of a typical emergence sequence of important weeds in Iowa, data from a study evaluating the emergence of four summer common annual species are presented (Table 3) .
Velvetleaf was the first species to emerge, followed by woolly cup grass, giant foxtail, and waterhemp. There was more than a three-week difference between initial velvetleaf and waterhemp emergence. Several years of research have shown this spread in initial emergence to be consistent. Initial emergence is an important characteristic, but other aspects of the emergence of individual weed species such as time( s) of maximum emergence and the length of the emergence period can also influence on the ability of a weed species to survive under various conditions. Sporadic germination in time and space is a characteristic that allows weeds to survive in spite of all our control efforts. For example, the rapid increase of common waterhemp has often been attributed to its ability to emerge late in the growing season.
The rate of emergence varied among four common weed species in central Iowa, with woolly cupgrass reaching 75% emergence by May 18, compared with 50% for velvetleaf, 21% for giant foxtail, and 0% for common waterhemp (Table 3) . By June 8, 95% of the woolly cupgrass had emerged compared to only 53% of the common waterhemp. A higher percentage of the total annual emergence of woolly cup grass occurred within the first two weeks after initial emergence than for the other three species and common waterhemp had the lowest percentage of total emergence occurring during the first two weeks after initial emergence. In an effort to validate the relative emergence rankings (Figure 1 ) and learn more about the dynamics of emergence periods, an experiment with 23 common annual weed species was conducted near Ames starting in the autumn of 1996. Seeds were collected and planted in the autumns of 1996 and 1997 and emergence monitored on a weekly basis during the following growing seasons. The dates of first, maximum, and final emergence for 1997 and 1998 are summarized in Table 4 . Many species demonstrated considerable consistency over the two years.
The specific calendar dates of emergence varied between years, but the relative order of first emergence was consistent as were the times from initial to maximum emergence (in most cases) and final emergence. However, there were some notable differences in the time from first emergence to maximum emergence. What makes these differences interesting is that two of the species (fall panicum and common cocklebur) had a much longer period from initial to maximum in 1997, while two other species (black nightshade and velvetleaf) had a shorter period in 1997 than 1998. This species by year interaction lead to the conclusion that these differences were not related to temperature or moisture differences between the two years. This may suggest that seeds from the same species may have different emergence characteristics related to conditions during seed development, field history, time of seed shed, or other factors.
One of our continuing goals has been to develop methods to quantitatively evaluate the emergence dynamics of annual weeds over time and space. We are particularly interested in the relationships oftemperature and precipitation and emergence. Growing degree days (GDD) has been a method commonly used to predict development of crops, insects, and diseases, but has found limited application for predicting weed emergence and development. We have applied GDD accumulations to weed emergence data from three years (1995) (1996) (1997) near Gilbert and compared it to 1998 emergence data from a site south of Ames (Table 5 ). Giant foxtail, velvetleaf, and waterhemp each reached 10% emergence earlier than expected in 1998. GDD's to 10% emergence ofwoolly cupgrass was almost exactly equal to the 3-year average. As the species reached 50% emergence, giant foxtail, velvetleaf, and woolly cupgrass were earlier than expected and waterhemp was within about 10% of the 3-year average. By 90% emergence, giant foxtail and waterhemp were close to the average, but velvetleaf and woolly cup grass were earlier than expected.
These data again demonstrate the difficulty in quantitatively predicting weed emergence. Many general trends have held true over time and space, but specific predictions remain elusive. The fact that a species emerges earlier or later than expected is not of as great of concern as the inconsistency over the emergence period. If the entire curve is shifted one way or another, we can deal with it. But it becomes a much greater problem when the lines of different species cross. There are many potential interactions that may cause these inconsistencies. Some of these will be discussed during the presentation. 
